The dielectric behaviour of in-situ polymerized thin polypyrrole (PPy) films on synthetic textile substrates were obtained in the 1-18 GHz region using free space transmission and reflection methods. The PPy/para-toluene-2-sulphonic acid (pTSA) coated fabrics exhibited an absorption dominated total shielding effectiveness (SE) of up to -7.34 dB, which corresponds to more than 80 % of incident radiation. The permittivity response is significantly influenced by the changes in ambient conditions, sample size and diffraction around the sample. Mathematical diffraction removal, time-gating tools and high gain horns were utilized to improve the permittivity response. A narrow time-gate of 0.15 ns produced accurate response for frequencies above 6.7 GHz and the high gain horns further improved the response in the 7.5-18
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Thin coatings of intrinsically conducting polymers (ICP) on textile substrates, also referred to as conducting textiles, are most commonly produced by chemical insitu polymerization in the presence of a textile substrate. Due to the tuneable nature of electrical properties as well as attractive physical properties such as low weight, access to a wide range of structures, flexibility, drape and low cost. ICP-coated textiles are good candidate materials for use in thin electromagnetic interference (EMI) shielding materials. Further, ICPs have both sheet resistivity and capacitance at microwave frequencies, facilitating the creation of microwave absorbing materials [1] , which can reduce the total amount of interference in this frequency regime.
In our investigations, the dielectric characteristics of conducting polypyrrole (PPy) coated textiles were determined in the 1-18 GHz frequency range using a nondestructive broadband free space method [2] utilizing unlensed microwave horn antennas and a mathematical method for the removal of diffraction. The free space method is suitable for flexible thin samples which are difficult to measure using conventional microwave measurement techniques, such as waveguide methods, dielectric probes and coaxial transmission lines. The measurement technique is highly reproducible and a very large number of measurements are done on each sample, thus giving rise to statistically reliable results. The only drawback of the method is the requirement of sophisticated and expensive equipment [3] .
In the free space transmission measurements of magnitude and phase of S 21 , there is a certain degree of inaccuracy, which will be evident as an error in the permittivity, reflection, transmission and absorption percentages. The errors principally originate from the variations in experimental conditions, diffraction of radiation around sample, stray reflections and variations in sample geometry. This paper aims to present an analysis of the accuracy and validity of the freespace transmission results obtained for PPy-coated textiles. The effects of calibration, removal of diffraction, sample placement and geometry are discussed. A comparison between the calculated and the measured reflection magnitudes from transmission and reflection methods respectively are presented. Possibilities for further reduction of errors and variations caused by the diffraction of radiation around samples of smaller sizes (≤ 305 by 305 mm) are discussed.
Accuracy of the measurements of reflection, transmission, absorption and dielectric properties is important for evaluating materials for electromagnetic 3 interference shielding applications. In this context, free space transmission methods and ways of improving the accuracy are explored.
Experimental
Materials and reagents
Thin films of polypyrrole were formed on textile substrates via in-situ polymerization [4, 5, 6] in an aqueous solution at room temperature. Textiles of different composition and structure used were as specified in Table 1 . Para-toluene-2-sulfonic acid monohydrate (pTSA) (Sigma-Aldrich was used as dopant) in concentrations of up to 0.036 mol/l. The pyrrole (Aldrich) monomer concentration was fixed at 0.045 mol/l and the concentration of ferric chloride hexahydrate (FeCl 3 ) (Fluka) acting as the oxidant was kept at 0.1 mol/l, suggested as optimized concentrations [6] . Polymerization times from 60 to 300 minutes were used. After coating samples were dried overnight at 25 ºC in a drying cabinet, cut to size (305 by 305 mm or 500 by 500 mm) and stored flat at 20 ± 2 ºC at 65 ± 2 % RH.
In one of our previous publications scanning electron microscopy (SEM) study of the conducting polymer coated fabrics showed a homogenous and smooth coating of conducting polypyrrole on each individual fibre in the textile [7] . Bulk polymerized polypyrrole depositions were seen in the form of clusters and nodular particles on the coating surface. These depositions were not adherent to the surface.
Instrumentation
Thickness measurements
Thickness measurements were made on preconditioned textile samples in a standard atmosphere using a textile thickness tester (DGTW01B, Mitutoyo, Japan) in accordance with ISO 9073-2 standard (0.5 kPa). The average thickness value from 20 measurements on each sample was used in permittivity calculations.
Conductivity measurements
The surface resistivity of the conducting fabrics was measured using a digital The surface resistivity R S is given by )
, where R is the measured resistance of the fabric, l is the distance between the electrodes and w is the width of each electrode.
Dielectric characterisation
A free space method was used to determine the dielectric properties of the PPycoated conducting textiles in the 1-18 GHz microwave region. An Agilent Technologies 8510C vector network analyser (VNA) connected to an 8517A Sparameter test set (Agilent) with an 83651B synthesized frequency source (Agilent) was used to perform all the measurements and collect S21 and S11 data. The VNA has a dynamic range of over 100 dB and resolution of at least 0.01 dB in magnitude and 0.01 degrees in phase. The frequency range of the complete system is able to cover from 45 MHz to 50 GHz. An IBM compatible computer controls the system, with the software written by the second author [2] .
It is possible to extract both complex permittivity and complex permeability of the sample under test using a combined reflection/transmission measurement since both 
Calibration
The free space 'transmission only' measurements were calibrated using a response calibration without any sample in the line between the two horns. The transmitted signal corresponds to the total response from the sample and the diffraction around the sample. The calibration plane was at the top of the foam support level, where the fabric was positioned. The magnitude and phase of S 21 with no sample was recorded.
Besides the response calibration, the calibration used for 'reflection only' measurements also included an isolation step. The isolation step involved collection of magnitude and phase of S 11 of a perfect reflector at the calibration plane backed by two 120 mm thick convoluted absorptive carbon black loaded polyurethane (PU)
foams, used to reduce stray reflections. To ensure that the reflected signal came from the conducting polymer textile sample only, all samples to be tested were backed by additional absorptive foams during the reflection measurements. The reflection measurements are more sensitive to changes in ambient conditions, sample size, sample placement and air-gaps. Therefore, the majority of the measurements presented here were performed using the transmission technique.
Diffraction removal and time-gating
Multiple reflections in the sample and stray reflections between the sample, horns and surrounding equipment during the free space measurements are likely to occur. This may cause error in the measurements. Smith and Chambers have previously discussed calibration for free space methods with antennae mounted on an arch but did not suggest any method of diffraction removal [8, 9] . In our work, the diffraction signal has been removed using a mathematical method involving two Fast Fourier Only the radiation that reached the detection horn within a specified time was detected and used for permittivity extraction. The time gate was chosen to allow enough time to ensure collection of the complete signal from the sample at any given frequency, including a sufficient amount of internal reflections and to avoid errors in the gated signal due to unwanted stray reflections from e.g. surrounding equipment.
The values presented for the 1-18 GHz frequency range have a gate span of 1.0 ns, which is the minimum allowed gate appropriate for measurements at 1 GHz [2] . A reduced gate of 0.15 ns was applied to the response from selected samples of small size (305 by 305 mm) with an additional 120 calculation points added at each frequency end to improve the accuracy. The gate center was kept at 0.0 ns. The 0.15 ns gate corresponds to a distance travelled by the wave equivalent to 0.045 m, which is true at a frequency of 6.6667 GHz. Therefore, the re-gated data with a 0.15 ns gate can only be relied upon at frequencies of 6.7 GHz and over. The resulting signal after diffraction removal, including appropriate time gating, was used to calculate the permittivity and subsequent reflection, transmission and absorption values.
Data Collection
The conducting textile sample was placed flat on a 300 mm thick polystyrene foam support in the line of radiation between two microwave horn antennae, which were connected to the radiation output system. The distance between the emitting horn and the sample was 0.31 m. The send horn, which was surrounded by absorptive foams, was positioned below the sample and the receive antenna above the sample.
Two different kinds of horns, DRG-118A (Antenna Research) and LHAO-750
(Continental Microwave and Tool) were used. The broadband horns (DRG-118A)
were used in the majority of the experiments, while the high gain horns (LHAO-750)
were used to improve the response by a reduction of diffraction. The high gain horns had a significantly higher typical gain of 15-22 dBi than the broadband horns (6-16 dBi). The higher gain decreases the beam-width of the radiation transmitted, hence facilitating a reduction in sample size without an increase in resulting diffraction.
The radiation output system generated a swept signal across the 1-18 GHz frequency range (broadband horns) or the 7.5-18 GHz range (high gain horns). The scattering parameter S 21 or S 11 was recorded at 401 frequency points across the band, with 500 readings averaged at each frequency point. The data collection for one sweep across the frequency range took approximately 40 seconds. The obtained complex quantities S 21 or S 11 were transformed into absolute magnitude and phase of the reflection and transmission. Subsequently, the permittivity of the material could be extracted when the appropriate formulae were used. Extensive testing by the second author in a previous work [2] has shown that there is no measurable difference between testing performed with plane waves or spherical waves. Since the same conditions are used in the calibration, any effects are minor. The author had investigated whether some focusing of the spherical beam would occur when the sample was in place, but using computer modelling of the effect proved it did not show up in testing.
Calculations
The relative permittivity is the ratio of electric field strength in vacuum relative to that of an encountered medium. It consists of a real part associated with the energy storing capacity of the material and an imaginary part related to the electrically dissipative, or lossy, nature of the material. Dipole polarization and charge migration have been mentioned [11] however, main contribution to dielectric losses in conducting polymers at microwave frequencies may be attributed to free charge rather than dipole interaction. The relative complex permittivity ε r of a material, i.e. the permittivity relative to that of free space ( F/m), is equal to 
where, r ε ′ is the real part and r ε ′ ′ is the imaginary part of permittivity. The negative values used for the imaginary part of permittivity are due to a sign convention adopted in this work.
As an electromagnetic wave travelling in free space encounters a material, some of the incident radiation enters the material (i.e. transmitted or absorbed) and some is reflected. Considering a material/air interface, the reflection coefficient Γ is defined as the fraction of the incident radiation that is reflected from the front surface of a material, while the transmission coefficient, T, is the ratio of transmitted to the incident electric field strength. Assuming that the impedance of air is that of free space (Z 1 = 376.7 Ω), the reflection and transmission coefficients can be expressed in terms of relative permittivity and permeability as Nicolson and Ross showed that for electrically thin materials the scattering parameters S 11 and S 21 can be described as [12] ( ) ( )
and ( ) ( )
The Newton method has been used to solve the implicit equation for permittivity from free space transmission measurements [2] . The approximation method is used due to the fact that it is not possible to express the permittivity in terms of S 21
explicitly. During the calculations, the permeability was fixed to be equal to that of free space ( 
It is then possible to find the roots iteratively using ( ) ( )
The iteration was stopped when the difference between the roots x n and x n-1 was less than 10 -7 . The same calculation was carried out at 401 frequencies across the frequency span tested. Using equations valid for normal incidence on a single dielectric slab in free space [13] , the coefficients of total incident reflection and transmission were then calculated based upon the calculated permittivity from the measured S 21 data for all 401 frequencies.
Using the 'reflection only' method, it is possible to express the reflection signal S 11 in terms of ε and μ when using equations (2) and (3) The permittivity calculations from reflection were done using the iterative Newton method in a similar fashion as previously described for transmission. 
Results
Permittivity response for reference materials and uncoated samples
Polytetrafluoroetylne (PTFE) was chosen as the reference material as it Teflon is commonly used as a test standard. Liquids have well known real and imaginary permittivity, however, they are difficult to measure. The result of permittivity obtained for the reference PTFE slab with the dimensions 300 by 300 mm and a thickness of 5.4 ± 0.08 mm as well as the uncoated Nylon-Lycra, velvet and quilt textiles can be seen in Fig. 1 . Slight variations can be seen for the significantly thick PTFE slab probably due to edge effects, which is known to increase the uncertainty in calibration of measurements [9] .The response for the PTFE follows the value of relative permittivity of ε = 2.04 + 0i found in literature [2, 14, 15, 16] . Similarly, the permittivity value for a polymethylmetacrylate (PMMA) sheet is close to the known value of ε = 2.6 + 0i [2, 14, 15, 17] . The transmission measurement data show good correspondence with tabulated values for well-known reference materials, hence an ability to obtain accurate measurements is assumed.
The permittivities for the uncoated fabrics show smooth response with low values of complex permittivity between 1.0+0i and 1.5+0i. The uncoated substrate materials are not conducting hence resulting in almost 100% transmission of microwave radiation [18] . 
Permittivity response for polypyrrole coated textiles
The permittivity for 305 mm by 305 mm conducting Nylon-Lycra textiles with different polymerization times, but same dopant concentration (0.018 mol/l pTSA), as a function of frequency are shown in Fig.2 . Both the real (ε ′ ) and imaginary ( ε ′ ′ ) parts of permittivity decrease as the frequency increases and show a smooth response.
As the polymerization time is increased from 5 to 120 minutes, ε ′ for a sample doped with 0.018 mol/l pTSA increases. The rate of increase in magnitude of ε ′ is higher at short polymerization times. The imaginary part of permittivity increases with increase in polymerization time up to 180 minutes. Beyond this time, no significant increase in imaginary part of permittivity is recorded. The real part of complex permittivity undergoes a small change with an extension of the polymerization time (lower surface resistivity), while the imaginary part increases substantially. This is in agreement with the results of Child and Kuhn [4] .
The real part of complex permittivity has been reported to be influenced by the topographic features of the coating surface due to interfacial polarisation occurring in the material [19, 20, 21] . However, the interfacial polarisation mechanism has an average polarisation time of 10-2 seconds [17] and would most likely not be influential at the high frequencies tested in this work. The permittivity changes wouldmore likely be a consequence of the effect of dopant, dopant-polymer interaction, chain length, spatial organization of these molecules as a result of the experimental parameters.
As the frequency of radiation increases, both ε ′ and ε ′ ′ decrease irrespective of the polymerization times. The response is frequency dependent. The resulting decrease with an increase in frequency gives the characteristic shape of the permittivity spectra that is displayed in Fig 2. The values of relative imaginary permittivity are directly proportional to the total (ac + dc) conductivity of the material and may be expressed as
Where, σ tot is the total conductivity of the material. Table 2 and Table 3 respectively. Although some of the conducting polymer samples tested have relatively high conductivity they still have significantly lower conductivity than metallic conductors, which have conductivity in the order 60·10 6 S/m .
Evaluation of the accuracy of the free space method
Diffraction patterns
The raw data from the send horn, the diffraction data, and the resultant data in the time domain for a small sample with dimensions 305 by 305 mm are presented in Fig.   3 . The raw data was obtained from the sample measurement, the diffraction data was obtained when a perfect reflector with the same size as the sample under test blocked the radiation path and the resultant signal was obtained by the removal of the diffraction data from the raw data. It is obvious that the diffraction signal at small sample size will influence the permittivity calculations significantly if it is not removed from the raw signal. It can also be concluded that an adequate portion of the response signal from the sample is detected within the time gate span used, since the signal is harmonic at both ends of the time span. The diffraction pattern is similar, but much less pronounced, for the larger sample size (500 by 500 mm).
The diffraction trace obtained with the smaller perfect reflector is significantly higher than for the larger one, as seen in Fig. 4 . Slight variations in the diffraction traces from different size reflectors may be caused by currents induced in the metal plates being re-radiated to the receive horn. 
Time [ns] Diffraction in time domain [dB]
305 by 305 mm 500 by 500 mm Fig.4 . Diffraction signal in time domain from two sizes of perfect reflectors.
The effect of variations in experimental conditions on S 21 response
The calibration made for the free space transmission method is only valid for a short time since the values of phase and magnitude of the sample change as a result of changes in the ambient conditions [2] . The differences in slip in magnitude response of S 21 for a 305 mm square PPy-coated Nylon-Lycra sample are displayed in Fig 5. The 'initial' measurement was performed immediately after calibration, while the other measurements were performed after set time delays of up to 15 minutes after calibration (y = 0 corresponds to initial measurement). It is obvious that there is an effect of time between calibration and measurement. The data at the low frequency end are more sensitive to change in ambient conditions since the change in magnitude is largest in this range. The difference in magnitude remains within 0.02 dB of the measurement just after calibration. The slip in phase of S 21 is generally more significant than the slip in magnitude but is within ± 0.6 degrees for a typical sample for delays of up to 15 minutes between calibration and measurement. The differences are small at short delay times (less than 5 minutes) after calibration, while an increase in the time between calibration and data collection gives larger deviations. The calibration was repeated in 5 minute intervals during transmission measurements. This ensured that the errors due to changes in ambient conditions did not significantly influence the measurements. 
The effect of sample size
The accuracy of the free space transmission measurement in the 1-18 GHz frequency range increases as the sample size is increased, due to a smaller total amount of diffraction bypassing the sample. This can be confirmed by looking at the permittivity of the different sized samples; smaller samples show more variability in values of both real and imaginary parts of permittivity compared with the larger ones.
A typical example of the permittivity response for these two different size samples from identical polymerization conditions can be seen in Fig.6 . The smoother response for the larger samples highlights the effects of sample size on the amount of noise in the response. Significantly less residual influence from diffraction is present in the larger sample. 
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The thickness measurement is a source of error in all dielectric measurements, particularly in the case of conducting polymer coated fabrics. Since the fabric is compressible it is hard to determine the true thickness. Moreover, since the coating is on the surface of the fabric and complete penetration of the conducting polymer into the inner layers of the fabric is not present, thickness determination is approximate.
However, the fabric thickness measurement was averaged over a large number of measurements and considered to be sufficiently accurate.
Validation of free space transmission method results using the 'reflection only' method
The transmission only technique can be used to calculate the reflection magnitude via the formulae suggested by Balanis [13] . 
Calculated and measured values of reflection magnitude
Difference between calculated and measured reflection magnitudes
The percentage differences between calculated and measured reflection magnitudes for sample with 60 and 180 minutes polymerization times are presented in GHz, where a change in trend to an over-estimation of the reflection occurred. It can be concluded that the error between the calculated and measured reflection magnitudes is usually below 2 % and never exceeds 8 %, which confirms the accuracy of the free space transmission test method used.
Discussion and Conclusions
Both the polymerization time and the dopant concentration play major roles in the dielectric properties of the conducting textiles. By monitoring these parameters, it is possible to tune the dielectric characteristics to a certain extent. The response from the free space measurement system changes continuously due to changes in ambient conditions. The drift in S 21 phase is more significant than the drift in S 21 magnitude. Calibration of transmission free space set-up every 5 minutes is sufficient to avoid large deviations in measurements. Magnitude and phase data for S 21 at the low frequency end is more sensitive to change in ambient conditions compared with the data at the high frequency end. Deviation is within 0.02 dB for S 21 magnitude and ± 0.6 degrees for S 21 phase.
The sample size will affect the amount of diffraction bypassing the sample, which essentially a lightweight, foldable fabric, the estimate of less than 8% is realistic.
